The nature of the electrolyte cation is known to
affect the Faradaic efficiency and selectivity of CO 2 electroreduction. Singh et al. (J. Am. Chem. Soc. 2016, 138, 13006-13012) recently attributed this effect to the buffering ability of cation hydrolysis at the electrical double layer. According to them, the pK a of hydrolysis decreases close to the cathode due to the polarization of the solvation water molecules sandwiched between the cation's positive charge and the negative charge on the electrode surface. We have tested this hypothesis experimentally, by probing the pH at the gold-electrolyte interface in situ using ATR-SEIRAS. The ratio between the integrated intensity of the CO 2 and HCO 3 -bands, which has to be inversely proportional to the concentration of H + , provided a means to determining the pH change at the electrode-electrolyte interface in-situ during the electroreduction of CO 2 . Our results confirm that the magnitude of the pH increase at the interface follows the trend Li + > Na + > K + > Cs + , adding strong experimental support to Singh's et al.'s hypothesis. We show, however, that the pH buffering effect was overestimated by Singh et al., their overestimation being larger the larger the cation. Moreover, our results show that the activity trend of the alkali-metal cations can be inverted in the presence of impurities that alter the buffering effect of the electrolyte, although the electrolyte with maximum activity is always that for which the increase of the interfacial pH is smaller.
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Much effort has been devoted in recent years to the development of efficient systems for the electroreduction of CO 2 to fuels or other valuable chemicals. 1 Among the many factors (surface composition, 1,2 structure 3-6 and morphology, 7, 8 temperature, 9 pressure, 10 CO 2 flow rate, 11 etc.) affecting the activity and selectivity of a given electrode towards the CO 2 reduction reaction (CO2RR), pH has been shown to play a critical role. The optimal pH for the CO2RR has been found to lie around 7, but at the cathode-electrolyte interface protons are depleted due to the CO2RR and the hydrogen evolution reaction (HER, the main competing reaction decreasing CO2RR´s Faradaic efficiency), and the pH can easily rise 2 units or more above that in the bulk, even when using buffer solutions (the most usual of which are CO 2 -saturated MHCO 3 solutions for obvious reasons, with M an alkaline metal). It has been known since Hori´s pioneering work that the nature of the cation in CO 2 -saturated MHCO 3 buffer solutions affects the efficiency and selectivity of the CO2RR. 12 Although known since the 1930´s, 13 the effect of cations on the kinetics of electrochemical reactions has recently received renewed attention due to unexpected effects on fuel-cell relevant reactions.
14 Frumkin´s explanation of the effect of cations on the reduction of an electrochemically active species is based on the existence of a difference between the electrostatic potential at the outer Helmholtz plane (φ OHP ) and in the bulk of the electrolyte (φ s ). 15 If the electroactive species is charged, this will affect the energy required to bring it from the bulk to the OHP, where electron transfer happens, and through it, its concentration at the OHP and the reaction rate. If the electroactive species is neutral (like CO 2 ), an effect might still exist, as the potential drop felt by it (φ m -φ OHP , the driving force for electron transfer, with φ m the electrode´s Galvani potential) will be less than the potential difference between the electrode surface and the bulk of the solution (φ m -φ s ). This model can explain changes in the reaction rate observed when the concentration of a given cation increases but, in the absence of specific adsorption, it cannot explain differences between cations at the same concentration, because the effect of the cation radius on φ OHP is known to be negligible. 16 Markovic´s qualitative explanation of the effect of cations 14 cannot explain their effect on the CO2RR either, because it relies on attractive non-covalent interactions between the cations and specifically adsorbed anions, absent at the very negative potentials at which the CO2RR takes place. The quantitative model recently developed by our group [17] [18] [19] can be considered to integrate Frumkin´s and Markovic´s approaches, as it takes into account both electrostatic interactions of the cations with specifically adsorbed anions and the difference between φ s and φ OHP . Therefore, it cannot account for their effect on the CO2RR either. Singh et al. 20 recently suggested an alternative hypothesis, according to which hydrolysis of the cation's solvation layer would have a buffering effect on the interfacial pH. According to them, the pK a of hydrolysis decreases close to the cathode due to the polarization of the solvation water molecules sandwiched between the cation's positive charge and the negative charge on the electrode surface. The resulting buffering ability increases with increasing cation size and decreasing hydration number (Cs + > K + > Na + > Li + ). Keeping the pH at the interface closer to that in the bulk increases the concentration of CO 2 available for reduction at the interface, increasing the catalytic activity and the Faradaic efficiency of the process. We have tested this hypothesis experimentally, by probing the pH at the gold-electrolyte interface in situ using surface-enhanced infrared absorption spectroscopy in the attenuated total reflection mode (ATR-SEIRAS). Our results confirm that the magnitude of the pH increase at the interface during the electrocatalytic reduction of CO 2 follows the trend Li
, although the decrease of the pK a of cation hydrolysis at the interface, and, hence, the resulting buffering effect, was overestimated by Singh et al., especially in the case of the largest cations. The concentrations of CO 2 and HCO 3 -at the interface must be in equilibrium with each other, and will be determined by the local pH:
where K a is the first dissociation constant of CO 2 , and ܽ CO మ , ܽ HCO య ష , ܽ H శ are the activities of CO 2 , HCO 3 -and H + , respectively, which can be substituted in a first approximation by their corresponding concentrations. Both CO 2 and HCO 3 -have C-O stretching vibrational modes with strong absorptions in the infrared. The integrated absorbance of the corresponding bands must follow Beer-Lambert Law, and will be proportional to the concentration of the absorbing species. Accordingly:
where ‫ܫ‬ CO మ and ‫ܫ‬ HCO య ష are the integrated intensities of the CO 2 and HCO 3 -bands, respectively, and ‫ܣ‬ = p‫ܭ‬ a + log
, with ߝ CO మ and ߝ HCO య ష the absorption coefficients of CO 2 and HCO 3 -, respectively, and ݈ CO మ and ݈ HCO య ష the length of electrolyte probed at the frequencies corresponding to CO 2 and HCO 3 -, respectively. I.e., the logarithm of the ratio between the integrated absorbance of the CO 2 and HCO 3 -bands will decrease or increase in one unit if the pH increases or decreases, respectively, in one unit. We would like to note that the equilibrium between CO 2 and HCO 3 -is relatively slow. For this reason, the experiments reported below were performed during a slow linear sweep voltammogram (LSV) of 1 mV s -1 , and the spectra recorded were the result of the addition of 120 interferograms. We believe that, under these experimental conditions, it is reasonable to assume that the concentrations of CO 2 and HCO 3 -at the interface reach equilibrium before the system experiences a significant perturbation of the potential (and, hence, of the pH), and that the spectra obtained correspond to that equilibrium situation In ATR-SEIRAS, the infrared beam is totally reflected at the interface between an IR-transparent window (in our case Si) and the electrolyte. A thin (ca. 30 to 50 nm) metal film (in our case Au) is deposited on the Si surface in contact with the electrolyte, and is used as the working electrode of an electrochemical cell (for more experimental details, please see the Supporting Information). Under these conditions, the IR beam does not cross the interface into the electrolyte, and only a narrow region of the solution just above the electrode (that corresponding to the penetration depth of the evanescent wave minus the thickness of the metal film, roughly between 200 and 500 nm in the 4000-1000 cm -1 frequency range) is probed. In principle, this would make ATR-SEIRAS an ideal technique to probe the composition (in this specific case, the pH) of the interfacial region However, unless the target species has a strong IR absorption and/or is present at high concentrations, bands corresponding to species in solution are usually weak in ATR-SEIRAS, and typically weaker than those of adsorbed species, because the SEIRA effect only extends over ca. 10 nm from the surface. 21 This is illustrated in Fig. S1 , which shows the spectrum of an as-prepared Au film on Si in CO 2 -saturated 0.1 M LiHCO 3 , obtained using the spectrum of the same film in pure water as background. Although the bands corresponding to the COO asymmetric stretching of HCO 3 -(ߥ COO, asym ) and, particularly, of CO 2 (ߥ co 2 ), can be clearly seen, they are too weak, preventing the determination of the ratio between their integrated intensities with a good enough signal-to-noise ratio, as
of the intensity of the HCO 3 -and CO 2 bands, as also shown in Fig. S1 , without significantly affecting the optical appearance or the conductivity of the film. We attribute this effect to a slight decrease of the film thickness (which allows accessing a region where the electric field of the evanescent wave is more intense) and to an increase of the film roughness. It is also likely that the latter allows trapping some electrolyte in small voids within the film, in which the CO 2 molecules and HCO 3 -ions could fall within the reach of the SEIRA effect. This allows us to determine
with a good signal-to-noise ratio, and to employ ATR-SEIRAS to probe in situ the pH of the interface during the CO2RR. This is similar to a recent work in which the pH-and potential-dependent ratio between the integrated intensities of the carbonyl and carboxylate bands in ATR-SEIRA spectra of self-assembled monolayers (SAMs) of 11-mercaptoundecanoic acid (MUA) was used to determine the pK a of MUA in the SAM. 22 The proximity between ߥ COO, asym and the H-O-H bending mode of water (ߜ HOH ) also needs to be taken into account. As shown recently by Yamakata et al. using CO-covered Pt electrodes, [23] [24] [25] ATR-SEIRAS can be used to obtain the vibrational spectrum of the hydration layer of the cations of the supporting electrolyte at the electrode-electrolyte interface. respectively. These three bands grow in parallel, which is evidence that they correspond to the same species, namely, the hydrated NH 4 + ion. The consequence of this is illustrated in Fig. S3 , in which the current and the ratio between the integrated intensities of the CO 2 band and of the band in the 1630 -1650 cm -1 region in a CO 2 -saturated 0.1 M NaHCO 3 solution have been plotted as a function of the electrode potential. The ratio between ‫ܫ‬ CO మ and ‫ܫ‬ HCO య ష starts decreasing more or less linearly at potentials clearly more positive than the current onset, at which only doublelayer charging occurs, and at which no pH increase is possible. This is a clear indication that the increase in the intensity of the band at 1630 -1650 cm -1 is due to the accumulation of Na + ions at the interface when the negative charge density on the electrode surface increases. This problem can be easily solved, though, by using D 2 O as the solvent, for which the water bending mode shifts down into the region around 1230 cm -1 . The current density at potentials more negative than the onset of the reaction increases with increasing atomic radius (Fig. 1, top  panel) , in agreement with the trend observed by Singh et al., 20 and others before them. 12, 26, 27 As the potential is made more negative and the current increases, both ‫ܫ‬ CO మ and ‫ܫ‬ HCO య ష decrease due to the CO2RR (Fig. S4) , but the ratio between them does not remain constant (Fig. 1, middle panel) . The relative amount of HCO 3 - increases in all cases at increasing negative potentials due to the increase of the interfacial pH. However, the pH increase is not the same in all cases, and follows the trend Li + > Na + > K + > Cs + (Fig.  1, bottom panel) . These differences in the interfacial pH can only be due to different buffering capacities of the supporting electrolyte, and, since the electrolytes used only differ in the cation, our results provide strong experimental support to Singh's et al.'s model. Figure 2 . Steady-state pH at the metal-electrolyte interface during the electroreduction of CO 2 at -1 V vs. RHE in CO 2 -saturated 0.05 M M 2 CO 3 solutions (M = Li, Na, K, Cs). pH values for Ag and Cu correspond to those resulting from Singh's et al.'s calculations, 20 while in the case of Au they correspond to our experimental determination using ATR-SEIRAS.
Singh et al. 20 calculated the pK a for the hydrolysis of the alkaline metal cations using Equation 3:
where ‫ܣ−‬ 2 , and r H-el is the distance between the center of the hydrogen atoms in the water molecules of the hydration shell and the electrode surface. For the same cation, the nature of the electrode will only affect σ, which will be determined by the difference between the applied potential and the potential of zero charge (E pzc ) and by the interfacial capacitance, C:
Eq. 4 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 will be of the same order of magnitude in all three cases. 30 We would expect, hence, similar decreases of the pK a of a given cation, and similar values of the interfacial pH, for all three cases, if at all, maybe slightly lower in the case of Au. On the contrary, Fig. 2 ). This suggests that the decrease of the pK a at the interface (and consequently, the effect of cation hydrolysis on the interfacial pH) was slightly overestimated by Singh et al. Fig. 1 , but using a different set of MHCO 3 salts of lower purity to prepare the CO 2 -bicarbonate buffer solutions.
Figure 3. Experiments as in
The reason for the above-mentioned overestimation of the buffering effect of cation hydrolysis in Singh's et al.'s work is an overestimation of σ, mainly due to wrongly calculating it by using the cell voltage (i.e., the difference between the potentials of the working and counter electrodes), instead of E -E pzc , and probably also using too high a value for the interfacial capacitance. Too large a value for σ will increase the magnitude of the term accounting for the extra polarization of the solvation water molecules at the interface (see Eq. 3), an effect which will be larger the larger the cation (i.e., r M-O ), as indeed observed when comparing our experimental results with their simulations. The effect of overestimating σ might be compensated in part by an overestimation of r H-el , as Singh et al. assumed Ag and Cu electrodes to be covered by adsorbed CO (CO ad ). CO is known to adsorb weakly on coinage metals. [31] [32] [33] [34] [35] [36] In the absence of CO in the solution, only a small CO coverage is to be expected, as confirmed by the absence of intense CO ad bands in our spectra. In any case, our results provide strong experimental support to the cation-dependent buffering effect proposed by Singh et al., although we believe that their simulations can be improved with more realistic values of σ and r H-el . We would also like to comment on the importance of the purity of the salts employed to prepare the electrolyte solutions. We performed additional series of experiments using CO 2 -bicarbonate buffer solutions prepared with M 2 CO 3 and MHCO 3 salts that we gathered from the labs and stores in our Department, of lower purity. These experiments, shown in Fig. 3 , yielded a trend exactly opposite to that shown in Fig. 1, i. e., the current density in a negative-going LSV increases in the series Cs + < Na + < Li + . However, it still holds that the cation for which the current is maximum is also the cation for which the increase in the interfacial pH is minimum. This highlights the critical role of the interfacial pH in determining the activity (and, most likely, also the Faradaic efficiency) of the CO2RR, in good agreement with recent findings, 37 as well as the importance of using high-purity salts when investigating cation effects. At the optimal pH for the CO2RR, close to 7, any impurity can enhance or counterbalance the decrease of the pK a of cation hydrolysis of the supporting electrolyte, thereby affecting the actual increase of pH at the electrodeelectrolyte interface, and, through it, the activity and faradaic efficiency of the process. In summary, we have shown that, although during the CO2RR the interfacial pH increases always above that of the bulk solution, the increase is smaller the larger the radius of the electrolyte cation. This is strong experimental support to a recently proposed model, 20 according to which differences in activity and Faradaic efficiency with different alkaline-metal cations are due to a cation-dependent decrease of the pK a for cation hydrolysis at the interface. We have also shown that, in that work, the decrease in the pK a of cation hydrolysis was overestimated, particularly for the larger cations, due to an overestimation of the charge density on the electrode surface. Finally, using salts of lower purity to prepare the CO 2 -bicarbonate buffer solutions, we have shown that the pH is a critical parameter determining the activity and Faradaic efficiency of the CO2RR, and that extreme care must be taken when selecting the chemicals to investigate the role of cations in the CO2RR, as the presence of impurities can even invert the observed trends.
